Abstract-A theoretical study of short period AlGaAs-GaAs diffused quantum-well (QW) absorption modulators operated by using surface acoustic waves (SAW's) is carried out in this paper. The as-grown QW structure is optimized and interdiffusion is used to fine tune the modulation performance. The results show that a stack of QW's can be developed at the top surface of the modulator to utilize the steep potential induced by SAW's. The optimized structure can also produce a large absorption change and thus a fast modulation speed for the same modulation depth. In comparison to previous results, the required surface acoustic wave has a longer wavelength and a lower power so that the fabrication of the interdigital transducer can be simplified. In addition, the use of interdiffusion can provide an useful fine adjustment to the operating wavelength, further enhancement of the modulation depth and an improvement in chirping with the only drawback of an increased absorption loss.
Interdiffusion Induced Modification ofmodify the subband structure and the transition energies when the sample is annealed. Consequently, interdiffusion provides the advantages of postgrowth modification of the operating wavelength and the optical properties of QW devices [8] . Here, the advantages of both SAW technology and interdiffusion are used to develop high-electroabsorption (EA) change SAW modulators.
Recently, EA modulators using the interaction of SAW's with multiple-quantum-well (MQW) structures have been shown to have some interesting properties [9] , [10] . Due to the piezoelectric effect, the SAW induces both a potential and an electric field in the QW structure that reduces nonuniformly with depth [10] . The induced potential modifies the MQW structure and, thus, its optical properties. A more uniform change of each QW in the MQW structure can be obtained by increasing the SAW wavelength . However, the change of the QW properties with the induced potential reduces when increases, i.e., there is a tradeoff between the uniformity and the strength of the variation of the QW properties.
In this paper, a theoretical study of an EA AlGaAs-GaAs DFQW modulator using SAW QW interactions is optimized so that it makes use of both the steeper potential at the device surface for modulation and a long and a low power SAW. Therefore, the fabrication of the interdigital transducer, which is used to launch the SAW, can be simplified and the device can be realized more easily. The nonuniform feature of the SAW-induced potential is also taken into account in optimizing the device structure. Interdiffusion is then introduced into the QW stack to modify the modulation performance so that and the optical properties of the optimized structure can be further modified.
II. MODELING
A schematic diagram of the waveguide type modulator is shown in Fig. 1 . The structure, starting from GaAs substrate, is a thick AlAs cladding layer, a stack of AlGaAs-GaAs QW's which acts as the active region of the modulator and an Al Ga As top cladding layer. The SAW interdigital transducer is deposited at one side of the device structure to launch the SAW. The growth direction of the QW's is and the SAW propagates along the direction. The incident light propagates normal to the propagation direction of the SAW and the QW growth direction is shown in Fig. 1 .
In order to investigate the modulation performance of the device, the propagation of SAW is modeled. After calculating the subband structure of the QW structure taking into account the effects of SAW, the optical properties, including absorption coefficient and refractive index and their changes due to the SAW effects, are determined. The modulation efficiency of an incident optical field depends on the guiding properties in the QW active region so that Maxwell's equations are solved. Consequently, the optical guided mode, the change of effective refractive index and change of the effective absorption coefficient are obtained for the determination of the modulation characteristics.
A. SAW Propagation
The propagation of the SAW is governed by two field equations, that of the particle displacement field in an elastic medium and the electric displacement equation in a medium [11] . In an elastic multilayer structure, the motion equation of particles is given as: (1) where and are components of the stress tensor, the particle displacement and the spatial direction, respectively, with the indices and labeling the spatial directions. The summation over repeated indices has been implied. A second equation, shown below describes the electromagnetic wave properties of SAW, in which Maxwell's equations govern the electric fields and electric displacements of SAW. Under a quasistatic approximation, the electric displacement equation in a medium of no free charges is given as (2) where is the electric displacement field.
The stress and displacement field are also explained by the constitutive relations as follows: (3) (4) where and are the stiffness tensor, permittivity tensor, and piezoelectric tensor, respectively, and and are the particle displacement and electric potential, respectively. The indices label the spatial coordinates 1, 2, and 3. In order to solve the two field equations in multiple layers, the boundary conditions at the interfaces of the layered structures are considered. They are: 1) the normal component of both the stress and the electric displacement and the tangential component of the strain and the electric field are continuous and 2) the normal component of the stress at the surface should be zero.
To simplify the modeling in the semiinfinite domain where the upper half is air and the lower half is the multiple layer structure, the Laguerre polynomial is used to expressed the particle displacement and electric potential and the domain is transformed from real space to -space. The two field equations together with the two constitutive relations and the boundary conditions can be rewritten in an eigenvalue problem and solved: (5) where the eigenvalue is the square of the SAW velocity, is the eigenvector. is a 24 24 eigenmatrix, i.e., a , where is the highest number of polynomial used, which is a complex matrix involving the material tensors and overlap functions of the differentiated Laguerre polynomials [11] . The indices and range over the spatial coordinates 1, 2, 3, and and range from zero to the highest number of polynomial used. Details of the full analysis of the procedure are given in [11] and [12] .
B. DFQW Subband Structure
The interdiffusion of the QW composition profile is described by an error function profile [13] . The extent of the interdiffusion process is characterized by a diffusion length , which is defined as , where and are the interdiffusion coefficient and the annealing time, respectively. The square of this length represents half of the variance of the interdiffusion distribution in a linear flow situation (i.e., variance, and standard deviation/ ). The as-grown QW is defined as 0. The diffused Al fraction profiles, , across the QW structure is given by (6) where is the as-grown Al mole fraction in the barrier, is the as-grown well width of the QW, is both the quantization and the growth axis (QW centered at 0), and denotes the error function.
In modeling the subband structure of the QW structure, it is considered that the barrier separating two QW's is so thick that there is no significant coupling between adjacent QW's and therefore a single QW model can be used here. The QW subband edge states in the -valley are calculated by solving an one-dimensional one-particle Schrödinger-like equation numerically using finite difference method. The equation is rewritten into a tridiagonal matrix [14] and the eigenvalue is determined using bisection method followed by inverse iteration [15] . The 1S exciton of QW is also considered by using the variation method [16] .
The SAW induces both strains and an electric field in the AlGaAs-GaAs piezoelectric heterostructure. However, the induced strains are too small ( 0.1%) to significantly modify the subband structure heterostructure and to change the semiconductor material bandgap [17] . Consequently, only the potential due to the SAW-induced electric field is considered as an additional linear perturbation term in modifying the QW potential profile.
After determining the QW subband structure, different optical properties are modeled. The absorption coefficient and refractive index are modeled by using the density matrix approach [18] and dielectric function approach [19] , respectively. With a SAW perturbation, the absorption coefficient varies and the change of refractive index is calculated by using the Kramers-Krönig transformation from the change of absorption coefficient.
C. Modulator Characteristics
The modulation performance depends on the interaction of the optical field with the SAW-perturbed QW structure. This can be studied by using a multilayer planar waveguide model using the transfer matrix method [5] . From this calculation, the mode field profiles and the propagation constants are obtained for the determination of the effective absorption coefficient and effective refractive index , respectively [10] . This enables the performance of the absorption modulator to be analyzed. The important performance characteristics include the effective index change , effective absorption change taking into account the optical confinement in well regions only [19] , contrast ratio (CR), optical confinement factor, chirp parameter and absorption loss . Details of these parameters can be found in [10] . The adjustment of and the modification of quantum-confined Stark shift (QCSS) due to interdiffusion are also used to examine the performance of the modulator.
A high-performance absorption modulator requires a large and thus a high CR, a low , i.e., a low , and a low . In order to obtain a large the absorption modulator is selected to operate at the wavelength of the exciton peak of the first electron (C1) and first heavy hole (HH1) in the presence of SAW and is the of the QW structure at this wavelength without any SAW effect.
III. RESULTS AND DISCUSSIONS
A five-period rectangular Al Ga As-GaAs QW EA modulator operated using SAW is investigated here. The concentration fraction of Al in the barrier and the of the QW structure, as well as and power of SAW, are first optimized. The effects of interdiffusion to the SAW modulator are also addressed. The modulation characteristics of the optimized structure are discussed and compared with our previous results. In the model of the SAW, the material parameters are obtained from [20] , [21] and the expression of Laguerre polynomial is taken from [22] . For the model of QW subband structure and the optical properties including absorption coefficient and refractive index, the material parameters are obtained from [23] .
A. Optimization of a Rectangular QW Device Structure
For a SAW modulator with a short period QW structure ( five period), the surface of the QW active region is designed so that the steeper potential induced by SAW can be utilized for modulation. Using a SAW with of 2 m and SAW power of 10 mW per results in a steep potential at the top surface, as shown in Fig. 2 (solid line) , to tilt a five-period Al Ga As-GaAs 100-Å (barrier) 100-A (well) rectangular QW structure, as shown in the insert of Fig. 2 . This provides a large QCSS for the modulation, as shown in Fig. 3(a) . However, since the gradient of the SAW-induced potential reduces, the absorption spectra of the five QW's do not coincide. This results in the fourth QW dominating at the optimized 0.864 m [10] . In order to obtain a more uniform gradient of the SAW-induced potential, is increased to 10 m. The gradient of the potential therefore becomes more uniform in the top region 2000 nm), as shown by dotted-dashed line in Fig. 2 . However, the steepness of the gradient reduces simultaneously so that a weaker modification of the QW structure is obtained. Consequently, a weak QCSS is produced which is not large enough to generate an useful modulation by only increasing as is too large.
To achieve a larger QCSS, the Al fraction of the QW barrier and are reduced and increased, respectively. The optimized rectangular QW structure is Al Ga As-GaAs with 120Å Using this structure, on the one hand, and SAW power can be increased to 10 m and reduced to 5 mW per , respectively. Therefore, the fabrication of an interdigital transducer for generating the SAW can be simplified. On the other hand, since the gradient of the SAW induced potential is more uniform, the variation of the five perturbed QW's is quite consistent, as shown by the dotted line in Fig. 2 . Therefore, the absorption coefficient spectra of the five QW under the SAW perturbation merge, in comparison to that of the previous Al Ga As-GaAs QW structure, as shown in Fig. 3 . The deviation of QCSS of the five QW's of the optimized structure reduces to less than 2.5 meV as compared to 29 meV in the previous structure. Consequently, to operate as an EA SAW modulator, all the five QW's of the optimized Al Ga As-GaAs QW structure contribute to an useful which is discussed in Section III-C. It should be noted that the magnitude of the SAW induced potential varies with and the AlGaAs-GaAs structures, see Fig. 2 . However, since the EA modulation is provided by the quantum-confined Stark effect, which depends on the gradient of the SAW induced potential rather than the absolute value of the potential, the variation of the potential magnitude does not contribute to the EA modulation. 
B. Effects of Interdiffusion
When interdiffusion is introduced into the optimized Al Ga As-GaAs as-grown QW structure, the Al sublattice at the barrier intermixes with Ga sublattice in the well. The potential profile of the QW structure is thus modified as shown in Fig. 4 . With a weak interdiffusion of 0.5 nm, the profile becomes slightly graded at the well/barrier interfaces without a change in the potential depth, which is the potential difference barrier and the well before the interdiffusion, at the well center of both conduction and valence bands. However, the variation at the interfaces introduces significant changes to the optical properties of the QW structure and thus the performance of the SAW modulator.
One of the interesting optical properties for EA modulation is the modification of the absorption coefficient which is indicated by the overlap integral of the electron and hole wave functions. Since the change of the absorption coefficient depends on the strength of C1-HH1 exciton absorption, the wave function of C1 and HH1 are shown in Fig. 4 . Since the low half of the conduction and valence band potential profiles narrow down where the first eigenstate is confined, the confinement of C1 and HH1 improved. This improvement can be intuitively indicated by their wave functions under the influence of the SAW where they move toward the well center, as compared to the corresponding wave functions without any interdiffusion. Moreover, the movement of HH is more significant than that of the conduction band due to the smaller offset value of HH. Consequently, the overlap integral of C1-HH1 improves to 0.4234 from 0.3661 without the interdiffusion and the corresponding increase in absorption coefficient is shown in . It should be noted that, although we do not discuss the first light hole (LH1) in detail here, the feature of the first LH is similar to that HH1, but the variation of LH1 due to interdiffusion is less significant than of HH1 since LH1 has a smaller effective mass and, thus, weaker confinement.
In the presence of the SAW, the C1-HH1 QCSS of the DFQW with 0.5 nm reduces due to the enhancement of quantum confinement, as shown in Fig. 5 so that the HH1 exciton peak blue-shifts as compared to that of the rectangular QW. As shown in Fig. 4 , the variation of the HH1 is more significant than that of the C1. This means that the effect of interdiffusion to QCSS of C1-HH1 is dominated by the variation of HH1. It should be noted that QCSS reduces when the extent of interdiffusion increases. In order to compare a diffused QW with a zero-field square QW structure the well width of the latter structure is varied so that the C1-HH1 transition energy of the two structures is the same [24] , [25] . It has been previously shown that the QCSS of the diffused QW is greater then that of the equivalent square QW [25] . In addition, the Al Ga As-GaAs DFQW structure with 120Å is the optimized DFQW structure which can provide the largest QCSS for a same in comparison to other DFQW structures with a range of from 0.2 to 0.4 and from 80 to 120Å [25] .
Using interdiffusion, of the SAW modulator can also be adjusted to shorter wavelengths since the lower half of the potential profile narrows, the eigenstate moves upwards and thus transition energy increases. The modifications of the absorption coefficient, QCSS, and the increase when the extent of interdiffusion increases. However, the (without consideration of optical confinement) increases to 1000 cm for the same SAW effect when increases to 1 nm. Moreover, the increases further with more extensive interdiffusion. As a consequence, the optimized selected here is 0.5 nm. 
C. Modulation Performance
After optimizing the five-period rectangular QW structure, the interaction of the optical field with the SAW perturbed QW structure is considered so that the performance of the modulator can be determined and compared with the previous structure. The guided mode optical field profile is shown in Fig. 6 . The peak of the optical profile is located at about the position of the third QW, as compared to the position of the fifth QW in our previous structure [10] , i.e., the peak moves toward the center of the QW active region. In addition, the optical confinement factor improves to 0.6, as compared to 0.5 for the previous device structure. These improvements can be explained by: 1) the Al fraction of the barrier of the present QW structure reduces to 0.2, so that the absolute refractive index of the QW active region increases which results in a larger optical confinement and 2) the thickness of the QW structure increases to 120Å (barrier) 120Å (well) from the previous structure of 100Å 100Å, the total thickness of the QW active region increases and thus enhances the optical confinement. Consequently, since the optical confinement of the present modulator increases, the modulation performance also improves.
Apart from the improvement of the optical confinement, the C1-HH1 exciton absorption spectra of the five rectangular QW's under the SAW perturbation merge, as shown in Fig. 3(b) , to contribute more effectively to the electroabsorption modulation as compared to the previous structure, as shown in Fig. 3(a) . These two advantages overcome the drawback of the weak absorption coefficient due to the wider and lower Al fraction in the present modulator, as shown in Fig. 3 .
finally increases to 1027 cm at 0.8675 m as compared to the previous five-QW structure of 428 cm at 0.864 m, i.e., an increase of 2.4 times, while (loss increases by 1.6 times to 189 cm from 116 cm for the previous structure. The results of the other modulation characteristics are shown in Table I . With a weak By diffusing the optimized five-period Al Ga As-GaAs QW structure with 0.5 nm, the can be further enhanced to 1163 cm so that the CR (for a SAW aperture of 200 m) increases to 23.3 dB from 20.5 dB for the asgrowth QW structure.
can also be finely tuned to 0.865 m and the is further reduced to 0.16, although the increases at the same time, as shown in Table I . It is worth noting that, due to the shorter SAW aperture which is reduced by 2.5 times as compared to 500 m in the structure in [10] with similar CR, the modulation speed can be improved here.
As a consequence, optimization of the five-period 100-A 100-Å Al Ga As-GaAs as-grown rectangular QW structure results in a 120-Å 120-Å Al Ga As-GaAs QW structure which increases from 428 to 1027 cm and simplifies the fabrication of the interdigital transducer by reducing the required SAW power and increasing . Interdiffusion results in a fine tuning of and is increased to 1163 cm in the optimized 120-Å 120-Å Al Ga As-GaAs QW structure.
IV. CONCLUSION
In this paper, a short period of the DFQW absorption modulator operated by using SAW has been theoretically investigated. The five-period 120-Å 120-Å Al Ga As-GaAs as-grown rectangular QW structure is first optimized for the EA modulation. The effects of interdiffusion on the QW structure are then studied and optimized.
The results show that by using the five-period DFQW modulator structure, the steeper SAW induced potential at the devices top region can be used. Moreover, a SAW with a longer and a lower power of 10 m and 5 mW, respectively, as compared to previous results, can be used here so that the fabrication of the interdigital transducer can be simplified and the slope of the SAW induced potential over the five-period DFQW's are quite uniform providing useful modulation. A large effective absorption change and improved optical confinement can also be achieved and, thus, a small SAW aperture and higher modulation speed can be obtained, as compared to the previous five-period 100-Å 100-A Al Ga As-GaAs rectangular QW structure. In addition, interdiffusion can provide a fine tuning of the operating wavelength and enhancing the absorption change with low chirping, although the absorption loss will increase at the same time. Consequently, for the development of a SAW absorption modulator, a DFQW with a low Al fraction barrier and a large well width of 0.2 and 120Å, respectively, provide a better modulation performance.
